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I.  ABSTRACT 
The statically calculated value of crack arrest toughness 
Kjn as proposed by E.J. Ripling and P.B. Crosley was evaluated 
for three structural steels. The test method developed by 
Ripling and Crosley for Kj« testing was used to test full 
thickness specimens of 50.8 mm and 25.4 mm A36, A514 and A588 
steel over a range of temperatures. The data is used to com- 
pare the static crack arrest toughness KjA and the dynamic 
fracture toughness KID for the material. It is shown that 
KIA is not a lower bound toughness. In general, KTA testing 
was found to be very  sensitive to the initial K level K 
at the onset of cracking. 
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II. INTRODUCTION 
Fracture mechanics plays an important role in the design 
manufacture and safe operation of many engineering systems. In 
the past ten to fifteen years fracture mechanics has been widely 
applied to steel structures. For the most part these applica- 
tions have been limited to circumstances in which crack initia- 
tion is the major concern. This generally involves an evaluation 
of the materials plane strain fracture toughness either for 
static or dynamic loading conditions. For static loading con- 
ditions the materials plane strain fracture toughness is denoted 
as KIC> while for dynamic loading it is denoted as KTd- These 
two plane strain fracture toughness values are dependent upon 
test temperature. Such dependance is shown schematically in 
Figure 1. In addition to the static and dynamic fracture 
initiation properties KIC and Kj^, it has been recognized for 
many years that engineering materials also possess a toughness 
property which is most appropriately labeled a fracture arrest 
toughness. This property represents the materials ability to 
arrest a running crack and is denoted by the symbol KTA. 
This is after Crosley and Ripling [1] who investigated the 
fracture behavior of pressure vessel steels under various strain 
or loading rates. In their K,^ testing, they observed that 
the amount of crack extension which exists between the point 
of crack initiation and crack arrests is strongly dependant upon 
the level of the stress intensity which exist at the time of 
initiation [2], This initiation level they termed Kg. In 
general, Ripling's results showed that there are many advan- 
tages to being able to predict or measure the property KIA [3]. 
An obviously important aspect of this is the ability to deter- 
mine whether a running crack will arrest in a structure or con- 
tinue to propagate. 
The purpose of the study described in this report was to 
evaluate the fracture arrest characteristics of structural steels 
which are typical of steel found in bridge applications. For 
this purpose the fracture behavior of 24.4 mm and 50.8 mm 
plates of ASTM steel grade A36, A588 and A514 were investiga- 
ted. This included measuring the static and dynamic fracture 
initiation toughnesses KIC and K, . and the crack arrest tough- 
ness K,». The remaining portion of this report describes these 
results. 
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III. PROJECT MATERIAL 
a) Test Program 
A series of mechanical tests were carried out on the 
project steels to provide an initial data base. The tests 
carried out v/ere as follows: 
TEST ASTM STANDARD 
TENSILE A370 
CVN E23 
NDT E208 
KIC E399 
KId NONE AVAILABLE 
The results of tensile, CVN and NDT tests are summarized in 
Tables (1) and (2). Plate chemistry is given in Table (3). 
b) CVN Results 
The results of the CVN teste are given in Figure (12) 
through (17).    The A36 24.4 mm CVN results show an upper level 
for the material of 149.2 joules.    The transition temperature 
is approximately 15°C at an energy level  of 79 joules.    The 
average CVN results at 4.44°C is 42.8 joules which is good 
agreement with the mill  results and the purchasing specification, 
The temperature at the 20.3 joules level  is -8°C.    For ease 
of comparison all of these data are summarized in Table (13). 
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The A36 50.8 mm CVN results show an upper shelf level of 
85 joules for the material.    The transition temperature is 
25.2°C at an energy level of 43.4 joules.    The 20.3 joules 
temperature is  -3.5°C.    The average of the CVN results at 
4.44°C is 26.4 joules.    This is lower than the results repor- 
ted by the mill.    The A588-25.4 mm CVN results show an upper 
shelf CVN level of 90.9 joules.    The transition temperature 
is approximately 28.3°C at an energy level  of 50.2 joules. 
The average of the CVN results at 4.44°C is 21.7 joules.    This 
level  is lower than reported in the mill tests.    The 20.3 
joules temperature for the material  is 1.39°C 
The A588-50.8 mm CVN results exhibited an upper shelf CVN 
level  of 105.6 joules.      The average of the CVN results at 
4.44°C is 49.2 joules.    This is higher than the mill  reported 
values but within the purchasing requirement.    The transition 
temperature is 1°C at an energy level  of 55.6 joules.    The 
20.3 joules temperature is  -10.8°C. 
The A514-25.4 mm CVN results show an upper shelf CVN level 
of 48.3 joules. The transition temperature occurred at -96.8°C 
at 24.4 joules. The 20.3 joules CVN level occurred at -106.1°C 
while the 40.7 joules CVN level occurred at -60.55°C. The 
average of the CVN results at 17.77°C is 48.3 joules which is 
higher than the mill results but within the purchasing require- 
ments.    The A514-50.8 mm CVN results show a transition 
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temperature-of -30.55°C at an energy level of 40.7 joules. 
The upper shelf is 43.8 joules.    The average of the CVN results 
at 17.77°C is 32.1 joules.    This is in agreement with the mill 
results and within the purchasing specifications.    The 20.3 
joules temperature is 5.56°C and the 40.7 joules temperature 
is 4.94°C.    The CVN results showed that the materials supplied 
are within the tolerance ranges established in the purchasing 
specification.    While there is modest disagreement between 
the CVN results obtained here and the mill  results the differ- 
ences are not unexpected and the level  of differences is quite 
acceptable.    It is interesting to note that all of the mater- 
ials had a transition temperature range in excess of 37.78°C. 
The transition temperature range is defined here as the temper- 
ature difference between the beginning of the upper shelf and 
the end of the lower shelf regions.    These levels are as fol- 
lows. 
MATERIAL AT(°C) 
A36 - 25.4 mm 37.78°C 
A36 - 50.8 mm 107.22°C 
A588 - 25.4 mm 65.56°C 
A588 - 50.4 mm 65.56°C 
A514 - 25.4 mm 107.22°C 
A514 - 50.4 mm 121.11°C 
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c) NDT Results 
Standard NDT specimens were made in conformance with ASTM 
standard E208. These specimens were tested in accordance with 
the specification. The results are as follows: 
MATERIAL NDT(° c) T(20.3 or 40.7) 
A36 - 25.4 mm -10 -8°C (20.3) 
A36 - 50.8 mm -5 -3.5 (20.3) 
A588 - 25.4 mm -15 1.39 (20.3) 
A588 - 50.8 mm -10 -10.8 (20.3) 
A514 - 25.4 mm -75 -60.6 (40.7) 
A514 - 50.8 mm -50 -40.5 (40.7) 
The last column indicates the temperature of the 20.3 joules 
level for the A36 and A588 materials and the 40.7 joules level 
for the A514 level. These temperatures agree fairly well with 
the NDT temperature except for the A588 - 25.4 mm and the 
A514 - 50.8 mm. It has been suggested by Irwin [4] that for 
the A36 and the A588 material NDT and the 20.3 joules tempera- 
ture will be the same and that for the A514 material the 40.7 
joules temperature and NDT will correspond. The current data 
support this point of view. 
d)    Fracture Toughness Measurements 
The Charpy V-notch data was used to select test tempera- 
tures for the dynamic fracture toughness tests. A lower tem- 
perature range based on the transition temperature shift was 
selected for the slow bend (intermediate loading rate) tests. 
Equation (1) was used to estimate where additional tests were 
conducted at other temperatures. » 
TSHIFT=215  -l.So,, (1) 
where 
TsHIFT = transition temperature shift (°F) 
a = room temperature static yield stress  (Ksi) 
The dynamic Kc testing was carried out using the Lehigh drop 
weight test machine.    The details of this apparatus are described 
in Ref.   [4].    The impact loading of the three-point bend speci- 
men {Fig.  11) was achieved by means of a falling mass guided 
vertically along two parallel rails'.    An instrumented loading 
tup at the bottom of the mass was calibrated to act as a load- 
dynamometer.    As the specimen was loaded the strain output from 
the top was recorded.   • 
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Slow bend tests were carried out on a standard 533.76 KN 
tinius-olsun screw-type tensile testing machine.    The cross 
head of the machine could be moved at various speeds.    The 
specimen was loaded with the same top used for the dynamic 
testing.    A loading rate of 88.96 Kn per second (approximately 
379.2 mn/sec) was selected for all  slow bend tests.    This resul- 
ted in a loading time of about 1 second.    Load-time data was 
recorded on x-y recorders.    This load time data is the same as 
load vs.  load line displacement as the tinius-olsen machine 
is a screw type machine running at a constant cross head speed. 
The test specimen geometry for all  K   tests in this pro- 
gram is shown in Fig.  11.    All  specimens were saw-cut from 
the original plate with their long dimension in the rolling 
direction.    After the individual specimens were saw-cut from 
the plates the cut surfaces were shaped so as to be normal to 
the plate surfaces.    A notch with a 30° chevron front was machined 
at the center of the specimens to help initiate crack growth 
during the precracking process. The cyclic-loading for pre- 
cracking was done on a 10 ton amsler vibrafore using three 
point bending.    The fatigue crack was formed in two stages. 
During the first stage, the crack was grown as quickly as pos- 
sible.    The final  0.318 cm of the crack was grown slowly so 
that the average crack growth rate was equal or less than 
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2.54 micro cm per cycle.    The maximum K during fatigue pre- 
"cracking was about 43.95 MPa^m.    The fracture toughness, K , 
values were determined from the maximum load at the fracture of 
the three point bend specimens  [5].    K was determined from the 
relationship [6] 
4(w-a)l,t3B 
where 
y = dimensionless ratio of (a/w) approximately 4 
B = specimen width 
w = specimen depth (5.54 cm) 
P = applied load 
L = span length (25.4 cm) 
The dynamic and static fracture toughness for the steel plates 
are summarized in Fig. 18 through 29. Also shown is the limiting 
test validity requirement [7] on thickness for a K, test. 
K  2 
B > 2.5 (-£■) (3) 
ay 
where 
B = specimen thickness 
K = fracture toughness value 
a   = yield stress of the material at test conditions. 
-10- 
In -addition to the thickness limitations described by equation 
'(2), shown as the solid lines in Figs.  18 through 29, the esti- 
mate of Kld [8] from 
K,.    =    /51CVN" (4) 1 d 
are shown in Figures 18 through 23.    These are shown as dotted 
lines and the CVN values used in the construction were obtained 
from Table 11.    For all material tested the estimated value of 
K-IJ from equation (4) proved to be conservative.    Also if the 
dynamic data are shifted to the left or to lower temperatures 
by seventy-five percent of the temperature shift indicated by 
equation (1) the K-jd and the one second K data show good agree- 
ment. 
IV.    K1A TESTING 
a)    Test Procedure 
The test specimen design is illustrated in Figs. 4  to 5 and 
follows the reposals of C.W.  Marschall, P.N. Mincer and A.R. 
Rosenfield (10).    Each specimen incorporated a blunt starter 
slot and a starter section to facilitate crack initiation, 
A layer of brittle weld is deposited at the tip of the 
wide starter slot to facilitate the initiation of the run arrest. 
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As shown in Fig. 9 the test procedure is a transverse- 
wedge loading process. A mounting assembly for an LVDT (Fig. 6) 
is first attached to the test specimen. This LVDT is used to 
measure the displacement during the test at a specified distance 
from the load line. The specimen is then immersed in a methanol 
bath which is cooled by liquid nitrogen. Once the desired tem- 
perature is reached, the specimen is removed from the bath. It 
is then placed on the base plate and the three piece wedge 
is driven into the specimen. 
An LVDT fitted on the specimen measures the deflection and 
the load cell measures the load both of which are converted into 
binary form and stored. Both quantities, the deflection and 
load intensity, are plotted as functions of time (see 
Fig. 30). 
The measured value of the deflection at the beginning of 
the jump on the curve, along with (a initial/w) defines KQ 
whereas the deflection at the end of the jump along with (a 
final/w) defines KIA. The final crack length is determined by 
heat tinting the specimen at 250°C to 300°C for about 45 to 
60 minutes. It is then broken if opened at low temperature. 
The heat tinted surface is then measured. 
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b)    Calculation of KQ and Kj/\ 
Static stress intensity values were calculated using the 
equation below (9) 
FA     R   ]/2 
K = ^ (#-)     y(x) (5) 
„fv\  - 2.2434(1.7164  - 0.9x + x2)/^ y[X)
 (9.85 - 0.17x + 11.Ox*) 
where 
E = Young's modulus 
W = distance from center of loading hole to end specimen 
A = distance measured at 0.25w 
Bit = net specimen thickness on side groove plane 
B = gross specimen thickness 
a = crack length 
x 
a_ 
w 
y(x) = is obtained from the table (4) 
An initial crack length is made by a starter notch machined 
into the weld, the 50.8 mm thick specimens were machined to an 
-^ = 0.4, the 25.4 mm specimens were machined to an -^- = 0.35. 
This can be used to determine KQ. 
The final crack length on the heat tinted fracture surfaces 
were measured at the following three positions: at the center 
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{mid thickness) of the specimen and midway between the center 
and the bottom of the side groove on each side. The average 
of these three measurements defines the arrest crack length a^. 
KIA can then be determined for K-r« to be valid measurements of 
the unbroken ligament (w-aj shall exceed 
i ( KA )2 
where 
a       = is a strain rate correction equal to 30 KSI for steel 
a   = is the 0.2 percent offset yield strength of the 
y-* 
test material at the test temperature. 
V.  TEST RESULTS 
The results of the tests on the brittle weld compact crack 
arrest specimens are represented in table 20 through 25. Some 
specimens were unusable due to the following reasons: 
- specimen broken in two 
- crack arrest out of plane 
- uncracked ligament length not long enough 
- no "pop" 
Precompressing some specimens was tried but this tended to 
yield high Kg values for a given temperature and failed to 
correct the problems above. 
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a) Dependence of Kj^ on Temperature 
Crack arrest fracture toughness tests v/ere conducted on 
the plates with full  thickness specimens from -45°C to room 
temperature.    The graphs of K™ versus temperature for the 
50.8 mm and 25.4 mm specimens for all  three materials  (A36, 
A588, A514) are shown in figures 31 through 33.    The maximum 
temperature at which KIA data could be collected was limited 
by the onset of ductile tearing.    It is shown in Figures 31 
through 33 that KIA increases with temperature and that the 
25.4 mm thick specimen's results lie below the 50.8 mm thick 
specimen's results.    Test results were obtained over a temper- 
ature range of -50°C to 20°C for the A36 and A588 specimens. 
For the A514 material  only the limited temperature range from 
-26°C to -45°C was possible.    For the A514 there v/ere no "pop" 
above -26°C and the specimen broke in two below -45°C. 
b) The Dependence of KTA/KQ on Crack Jump Length 
The value of the crack, initiation toughness KQ is calcu- 
lated on the basis of Equation (5) with the crack length set 
to the depth of the machine notch. As can be seen in Figures  (34) 
through (39) the crack jump length as measured by a^/w shows 
a dependence on the ratio KJA/KQ-    As KjA/KQ increases a-r/w 
decreases. 
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c. Comparison of KT, and Kv ■ 
KId can be calculated 
KId = /5E(CVN) 
where 
E      : Young's modulus 
CVN :  Impact energy 
!<IA is compared with Kjd in Figures 40 through 45 
- for the A36 specimens KjA values lie above the KJA 
values  (Figures 40 through 41) 
- for the A588 specimens KjA values also lie above the 
KId values (Figures 42 through 43) 
- for the A514 specimens.    Kj.  values lie below the 
KId values (Figures 44 through 45). 
VI.    SUMMARY AND CONCLUSION 
Kg values are yery high for most specimens.    This was pro- 
bably due to the notch machined into the weld not being sharp 
enough. 
The fracture toughness increases with increasing temperature 
because of the temperature effect on the fracture toughness of 
carbon and alloy steel of the lower and intermediate yield 
strength grades.    This is shown for KId in Figures 12 through 
17 and Kj- in Figures 31  through 33. 
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The KT- curves for the thicker plates of A36, A588 
and A514 steel showed higher toughness values than those 
for the thinner plates. 
KJA was not generally in good agreement with the lower 
bound dynamic crack initiation toughness measurements. 
The ratio KJA/KQ showed a clear dependence on a^/w. 
As Kjn/Kn increased a^/w decreased. 
■17- 
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TABLET,  SUMMARY - MILL TEST REPORTS 
ro 
o 
Material 
Thickness 
0101 
Test 
Temp., °C 
CVN Results 
Joule MN/m2 
ffu 
MN/m2 
Elongation 
I 
A36 50.8 4.44 42,48.8,50.2 291.7 548.2 23 
A514 50.8 -17.77 29.8,27,31.2 835.7 892.2 20 
A588 50.8 4.44 25.8,25.8,25.8 351.0 552.3 24 
A514 25.4 -17.77 32.5,32.5,29.8 717.8 801.9 36 
A588 25.4 4.44 27,36.1,47.5 459.9 661.9 19 
A36 25.4 4.44 17.6,20.3,23.1 314.4 464.7 26 
TABLE 2.    SUMMARY  - LEHIGH TENSILE RESULTS 
°y u       Elongation    Reduction 
Material      Thickness      MN/m2     MN/m2 (%) of Area {%)    NDT°C 
A36 50.8 267.5 542.6 29 61 -    5°C 
A588 50.8 328.9 535.1 31 69 -  10°C 
A514 50.8 886.0 943.9 17 57 - 58°C 
A36 25.4 227.5 459.2 35 66 - 10°C 
A588 25.4 441.2 648.1 26 65 - 15°C 
A514 25.4 715.7 808.1 18.5 34 - 75°C 
■21- 
A514.25.4mn   0.16    0.67    0.018    0.021     0.288    --     ~~ 
A514 50.8 ran   0.17    0.63    0.014    0.021     0.269     --    1,35 
TABLE 3. MATERIAL CHEMISTRY 
_.
ITEH
 
C
        *        P S-     Si        Cu      NT       Cr       V Ho 
A36 25.4 mm    0.22    1.04    0.006    0.023    0.029      
A36 50.8mm    0.25    1.06    0.006    0.020    0.18       .... . 
A588 25.4 mm 0.16  1.02  0.009  0.016  0.49  0.35  0.20  0.55 0.06 0.03 
t    A588 50.8 mm 0.13 0.89 0.008 0.023 0.40  0.32  0.23 0.51 0.03 ~ 
.608 
.531 
TABLE 4. 
VALUES OF y(x=a/w) 
y(x) x y(x) 
0.30 0.219 0.56 0.167 
0.31 0.218 0.57 0.165 
0.32 0.217 0.58 0.162 
0.33 0.216 0.59 0.160 
0.34 0.215 0.60 0.157 
0.35 0.214 0.61 0.155 
0.36 0.212 0.62 0.153 
0.37 0.210 0.63 0.150 
0.38 0.209 0.64 0.148 
0.39 0.207 0.65 0.145 
0.40 0.205 0.66 0.143 
0.41 0.202 0.67 0.140 
0.42 0.200 0.68 0.138 
0.43 0.198 0.69 0.135 
0.44 0.196 0.90 0.133 
0.45 0.194 0.71 0.130 
0.46 0.191 0.72 0.127 
0.47 0.189 0.73 0.125 
0.48 0.186 0.74 0.122 
0.49 0.184 0.75 0.119 
0.50 0.182 0.76 0.116 0.51 0.179 0.77 0.113 
0.52 0.177 0.78 0.110 
0.53 0.174 0.79 0.107 
0.54 0.172 0.80 0.104 0.55 0.170 0.81 0.101 
0.82 0.098 0.86 0.084 
0.83 0.095 0.87 0.081 
0.84 0.091 0.88 0.077 
0.85 0.088 0.89 0.073 
-23- 
TABLE 5. A36 25.4mm CVN DATA 
Spec 
No 
Test Temp 
(Deg°C) 
Energy 
(Joule) 
Lat Exp 
(Mils) 
Percent 
Fib Fract 
1 21.1 89.5 63.0 40.0 
2 21.1 120.7 78.0 45.0 
3 21.1 92.2 61.0 50.0 
4 100.0 153.2 73.0 95.0 
5 100.0 154.6 78.0 95.0 
6 100.0 140.0 83.0 95.0 
7 4.4 20.3 20.0 25.0 
8 4.4 27.1 22.0 25.0 
9 4.4 81.4 61.0 35.0 
10 -17.8 12.2 14.0 7.0 
11 -17.8 13.6 15.0 5.0 
12 -17.8 21.7 19.0 5.0 
14 -40 4.1 5.0 0.0 
15 -40 2.7 3.0 0.0 
16 -40 2.7 3.0 0.0 
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TABLE 6.     A36    50.8mm CVN DATA 
Spec 
No 
Test Temp 
(Deg C) 
Energy 
(Joule) 
Lat Exp 
(Mils) 
Percent 
Fib Fract 
1 - 73.3 3.4 3.0 1.0 
2 - 73.3 3.4 2.0 1.0 
3 - 40.0 4.1 7.0 1.0 
4 - 40.0 5.4 8.0 1.0 
5 - 17.8 10.8 15.0 10.0 
6 - 17.8 8.1 10.0 15.0 
7 0.0 33.9 33.0 25.0 
8 0.0 31.2 27.0 22.0 
9 22.8 33.9 28.0 44.0 
10 22.8 40.7 37.0 45.0 
11 4.4 19.0 22.0 20.0 
12 4.4 28.5 27.0 25,0 
13 4.4 19.0 23.0 20.0 
14 21.1 41.4 40.0 41.0 
15 48.9 69.8 57.0 60.0 
16 48.9 63.7 52.0 65.0 
17 21.1 38.0 34.0 43.0 
18 100.0 84.1 65.0 99.0 
19 100.0 86.1 65.0 99.0 
21 4,4 21.7 28.0 26.0 
22 4.4 36.6 33.0 24.0 
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TABLE 7. A588 25.4mm'CVN DATA 
Spec 
No 
Test Temp 
(Deg C) 
Energy 
(Joule) 
Lat Exp 
(Mils) 
Percent 
Fib Fract 
3 21.1 44.7 35.0 15.0 
4 4.4 17.6 16.0 4.0 
5 4.4 19.0 18.0 3.0 
6 4.4 28.5 22.0 2.0 
7 - 17.7 9.5 8.0 2.0 
8 - 17.7 27.1 19.0 2.0 
9 - 17.7 9.49 n.o 2.0 
10 - 41.7 12.2 8.0 1.0 
11 - 40.0 8.1 8.0 1.0 
12 - 40.0 9.49 9.0 1.0 
14 100.0 88.1 62.0 95.0 
15 100.0 90.9 63.0 95.0 
16 100.0 93.56 63.0 95.0 
25 21.1 33.9 27.0 17.0 
26 21.1 44.7 32.0 10.0 
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TABLE 8. A588 50.8mm CVN DATA 
Spec 
No 
Test Temp 
(Deg C) 
Energy 
(Joule) 
Lat Exp 
(Mils) 
Percent 
Fib Fract 
1 - 73.3 3.4 5.0 1.0 
2 - 73.3 3.4 5.0 2.0 
3 - 40 6.1 4.0 2.0 
4 - 40 6.78 6.0 3.0 
5 - 17.7 14.9 14.0 5.0 
6 - 17.7 23.1 23.0 6.0 
7 0.0 25.1 28.0 35.0 
8 0.0 33.9 29.0 27.0 
10 22.8 71.2 58.0 53.0 
13 22.8 79.3 59.0 80.0 
1 4.4 47.5 45.0 35.0 
3 100.0 115.3 77.0 99.0 
5 4.4 33.9 45.0 33.0 
6 100.0 97.6 73.0 99.0 
10 100.0 97.6 76.0 99.0 
12 4.4 54.2 47.0 48.0 
15 4.4 45.4 40.0 44.0 
18 100.0 103.1 75.0 99.0 
19 21.1 118.0 69.0 88.0 
20 48.9 103.7 72.0 99.0 
23 21.1 85.4 63.0 92.0 
24 48.9 100.3 70.0 96.0 
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TABLE 9.    A514 25.4mm CVN DATA 
Spec 
No 
Test Temp 
(Deg C) 
Energy 
(Joule) 
Lat Exp 
(Mils) 
Percent 
Fib Fract 
1 
- 73.3 34.6 24.0 75.0 
2 4.4 48.1 31.0 98.0 
3 - 40.0 42.0 29.0 90.0 
4 
- 17.7 48.8 32.0 98.0 
5 48.9 46.8 33.0 99.0 
7 48.9 49.5 34,0 99.0 
8 - 73.3 39.3 25.0 80.0 
9 - 40.0 44.1 30.0 95.0 
10 4.4 46.1 30.0 98.0 
11 21.1 46.1 35.0 99.0 
12 21.1 47.5 33.0 99.0 
13 
- 17.7 45.4 31.0 98.0 
14 - 17.7 48.8 34.0 98.0 
15 
- 92.8 25.8 20.0 56.0 
16 - 92.8 27.8 20.0 57.0 
17 -195.6 2.7 8.0 1.0 
18 -195.6 2.7 7.0 1.0 
22 
- 17.7 49.5 32.0 98.0 
:23 
- 17.7 49.5 41.0 99.0 
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TABLE 10. A514 50.8mm CVN DATA 
Spec 
No 
Test Temp 
(Deg C) 
Energy 
(Joule) 
Lat Exp 
(Mils) 
Percent 
Fib Fract 
1 - 73.3 9.5 8.0 10.0 
2 - 73.3 10.8 9.0 7.0 
3 - 40.0 21.7 16.0 20.0 
4 - 40.0 22.4 18.0 24.0 
5 - 17.7 30.5 24.0 35.0 
6 - 17.7 34.6 23.0 * 32,0 
7 0.0 38.0 28.0 45.0 
8 0.0 32.5 25.0 38.0 
9 22.8 50.2 32.0 50.0 
10 22.8 48.1 31.0 48.0 
11 4.4 36.6 22.0 38.0 
12 - 17.7 30.5 16.0 35.0 
13 - 17.7 35.9 25.0 35.0 
14 4.4 39.3 27.0 45.0 
15 48.9 52.9 33.0 88.0 
16 21.1 45.4 32.0 56.0 
17 21.1 43.4 27.0 52.0 
18 48.9 54.9 31.0 93.0 
19 -135.0 6.78 5.0 10.0 
20 - 92.8 7.46 10.0 10.0 
21 - 17.7 31.2 21.0 35.0 
22 - 17.7 29.8 25.0 32.0 
23 100.0 54.2 35.0 98.0 
24 100.0 57.0 40.0 98.0 
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TABLE 11. ENERGY LEVELS FROM CVN CURVE FITS 
A36 25.4 mm 
ENERGY (joule) TEMPERATURE (°C) 
13.6 -14.9 
20.3 - 8.0 
27.1 - 3,6 
33,9 - 0.2 
40.7 2,7 
47.5 5.3 
54.2 7.6 
61.0 9.8 
67.8 11.8 
74.6 13.8 
81.4 15.8 
A588 25.4 mm 
ENERGY (joule) TEMPERATURE (°C) 
13.6 - 15.0 
20.3 1.4 
27.1 9.6 
33.9 15.7 
40.7 20.9 
47.5 25.7 
54.2 30.3 
61.0 34.9 
67.8 39.7 
74.6 45.0 
81.4 51.9 
A514 25.4 ram 
ENERGY  (joule) TEMPERATURE  (°C) 
13.6 -121.8 
20.3 -106.6 
27.1 - 92.8 
33.9 -  78.5 
40.7 - 60.6 
47.5 4.3 
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TABLE 12. ENERGY LEVELS FROM CVN CURVE FITS (CONTINUED) 
A36 50.8 mm 
ENERGY (joule) TEMPERATURE (°c) 
13.6 
-15.0 
20.3 
- 3.5 
27.1 5.7 
33.9 13,8 
40.7 21.3 
47.5 28.8 
54.2 36.3 
61.0 44.3 
67.8 53.3 
74.6 64.7 
81.4 83,2 
A588 50.8 mm 
ENERGY (joule) TEMPERATURE (°C) 
13.6 
-18.4 
20.3 
-10.8 
27.1 
- 5.4 
33.9 
- 1.1 
40.7 2.6 
47.5 6.1 
54.2 9.3 
61.0 12.4 
67.8 15.5 
74,6 18.7 
81.4 22.2 
A514 50.8 mm 
ENERGY (joule) TEMPERATURE (°C) 
13.6 
-61.0 
20.3 
-41.2 
27.1 
-25.8 
33.9 
-11.1 
40.7 4.9 
47.5 26.4 
52.9 66.2 
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TABLE 13.    SUMMARY CVN RESULTS 
Avg.  CVN (Joule) @ 4.4°C 
T_9.4CC) 
Upper Shelf (Joule) 
iTr (°C) 
CVNTr (Joule) 
Avg.  CVN (Joule) @ 4.4°C 
Upper Shelf (Joule) 
TTr (°C) 
CVNTr (Joule) 
Avg.  CVN (Joule) @ -17.8 °C 
T-l.l   (°C> 
Upper Shelf (Joule) 
Tr (°C) 
CVNTf (Joule) 
A36 
25.4 mm 50.8 mm 
42.0 26.4 
- 8.0 - 3.5 
149.2 85.0 
15.0 25.2 
78.6 
A588 
43.4 
25.4 mm 50.8 mm 
21.7 49.1 
1.1 -10.8 
90.9 105.6 
28.3 9.9 
50.2 
A514 
55.6 
25.4 mm 50.8 mm 
48.3 32.1 
-60.6 4.9 
47.5 53.8 
-96.8 -1.1 
24.4 31.2 
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TABLE 14.    DROP WEIGHT TEST RESULTS A36 25.4mm 
Specimen 
F14 
F15 
Fll 
F7 
F8 
F12 
F13 
Fl 
F2 
F9 
FIO 
F5 
F6 
F3 
F4 
Temperature °C D.T.   (Joule) 
96.1   
96.1 1174.73 
65.6 1082.85 
37.8 566.69 
37.8 663.17 
17.8 322.06 
17.8 304.65 
17.8 348.89 
17.8 379.76 
0.0 163.29 
0.0 199.52 
-17.8 5.55 
-17.8 65.39 
-45.6 62.54 
-45.6 144.40 
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Specimen 
E14 
El 5 
Ell 
E8 
E9 
El 2 
El 3 
El 
E2 
E7 
E10 
E5 
E6 
E3 
E4 
TABLE 15.    DROP WEIGHT TEST RESULTS A588 25.4mm 
Temperature °C D.T.   (Joule) 
96.1 874.08 
96.1 837.11 
65.6 632.80 
37.8 390.05 
37.8 479.93 
17.8 230.82 
17.8 166.44 
17.8 268.41 
17.8 162.58 
0.0 117.71 
0.0 120.41 
-17.8 143.04 
-17.8 71.96 
-45.6 96.10 
-45.6 155.17 
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TABLE 16.    DROP WEIGHT TEST RESULTS A514 25.4mm 
Specimen 
Dl 
D2 
D7 
D8 
D3 
D4 
D10 
D5 
D6 
D9 
Dll 
D15 
D14 
■ D12 
D13 
Temperature °C D.T.   (Joule) 
17.8 436.94 
17.8 465.66 
-17.8 431.44 
-17.8 435.32 
-45.6 
-45.6 426.29 
-45.6 447.66. 
-73.3 
-73.3 495.50 
-73.3 422.11. 
-101.1 179.62. ■ 
-128.9 173.85. 
-128.9 104.05. 
-156.7 97.50. 
-156.7 137.69. 
■35- 
TABLE 17. DROP WEIGHT TEST RESULTS A36 50.8mm 
Specimen 
A15 
All 
A12 
A9 
A10 
A16 
Al 
A2 
A13 
A14 
A7 
A8 
A4 
A3 
A5 
A6 
Temperature °C D.T.  (Joule) 
97.2 883.56 
65.6 845.91 
65.6 871.66 
37.8 586.81   • 
37.8 569.36   : 
17.8 260.43 
17.8 334.13 
17.8 400.13 
0.0 116.34 
0.0 117.69    ■ 
-17.8 106.83   • 
-17.8 184.78 
-45.6 148.47 
-45.6 104.21 
-73.3 113.53. 
-73.3 81.33 
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TABLE 18.    DROP WEIGHT TEST RESULTS A588 50.8mm 
Specimen 
C15 
cn 
C12 
C9 
CIO 
C16 
Cl 
C2 
C13 
C14 
C7 
C8 
C3 
C4 
C5 
C6 
Temperature °C D.T.   (Joule) 
97.2 1082.86 
65.6 998.56 
65.6 1029.33 
37.7 
37.7 538.93 
17.8 430.54 
17.8 430.87 
17.8 397.06 
0.0 343.71 
0.0 170.64 
-17.8 145.65' 
-17.8 144.22 
-45.6 105.51 
-45.6 79.94. 
-73.3 68.06 
-73.3 102.89 
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Specimen 
B13 
B9 
BIO 
B14 
Bl 
B2 
Bll 
B12 
B7 
B8 
B3 
B4 
B5 
B6 
B15 
B16 
TABLE 19.    DROP WEIGHT TEST RESULTS A514 50.8mm 
Temperature °C D.T.   (Joule) 
97.2 606.21 
37.8 500.43 
37.8 548.76 
17.8 411.14 
17.8 442.19 
17.8 448.82 
0.0 326.58 
0.0 342.65 
-17.8 245.53 
-17.8 226.68 
-45.6 166.82 
-45.6 185.49 
-73.3 120.14 
-73.3 8.1.09 
-101.1 113.44 
-101.1 110.69 
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TABLE 20. KIA - A36 (25.4mm) DATA 
Specimen Number Test Temp 1 (°o- Ao  1 (mm) (mm) (MPafl k (MPafl af/w w-a* (mm) Comments 
UAl (C58) RT — — — — no pop 
UAl (C54) RT 1.95 2.18 286.4 113.0 0.83 27.3 
UAl (B52) RT 1.80 1.98 263.6 94.6 0.85 24.2 
i  UAl (C55) 
10 
.0 — —   — — no pop 
UAl (B54) 0 ... ..—. ._-. — no pop 
UAl (C57) 0 1.70 2.13 249.2 58.6 0.94 8.66 
UAl (B59) 0 2.13 2.20 311.9 84.7 0.90 16.51 
UAl (C53) ■ -26 2.51 2.59 367.6 139.8 0.82 30.15 
UAl (B55) -26 1.82 2.33 267.9 68.3 0.94 9.80 
UAl (B53) -45 0.48 0.88 70.5 49.6 0.81 31.21 
UAl (C52) -45, 0.38 0.73 55.7 47.8 0.76 39.67 
TABLE 21 ■ 1 
KIfl - A36 (50,8mm) DATA 
Speciman Number Test Temp 
(°0 (in) (inn) (HPai) 
h 
(MPafl 
af/w w-a. f Comments 
UA2 (D3-D7) RT —     — — no pop 
UA2 (D8-D6). RT       — -.-_ no pop 
UA2 (B7-B3) RT — —   — !■*«* — arrested out 
of plane 
UA2 (C3-C7) RT 1,95 2.05 322,2 99.4 0.85 24,46 
UA2 (B8-B5) 0 ...__       _.-, — no pop 
UA2 (D8-D5) 
i 
0 2,23 2.66 300.5 89.5 0.92 13.98 
S    UA2 (C5) 
i 
0 1.67 1.95 228.4 89,3 0.88 19,40 
UA2 (B5-B2) 0 1,87 2.05 254.3 105,7 0.83 76.87 
UA2 (D7-D4) 0 2.18 2,41 294.3 107.4 0.87 21.08 
UA2 (C8-C6) -26 1.65 1.62 220,9 83.3 0,84 26.11 
UA2 (C8-C5) -26 2,03 2.15 274.5 78.2 0.91 14.78 
UA2 (B4-B7) -26 1.34 1.39 184.0 58,3 0.88 18.92 
UA2 (B8-B6) -26      ' 2.94 3.09 386.0 133.0 0.87 21.69 
UA2 (C7-C3) -26 1.98 2.38 265.8 74.6 0.93 11.68 
UA2 (B8-B7) ■45' ...--     — — arrested out 
of plane 
UA2 (B5-B1) -45 ■*■ ™* HM mm (precompressed 
arrested out 
of plane) 
TABLE 21 (continued) 
Specimen Number Test Temp 
PC) (mm) (mi) (MPatfi) 
h 
(MPafl 
a./w w-af 
(fi) 
-45 1,72 2.05 233.05 72.0 0.92 13.71 
-45 1.11 1.11 150.2 34.8 0.93 10.66 
-45 1.70 2.18 228.7 51.6 0.96 6.22 
Comments 
UA2 (D5-D1) 
UA2 (D8-D7) 
UA2 (C7-C4) 
precompressed 
■to Ka=94.7 MPa4 
TABLE 23 
KIA - A588 (25.4mm) DATA 
I 
Specimen Number Test Temp 
ec) (mm) 4f (mm) (HPafl h (MPafl a,/w w-a* (mm) Comments 
UB1 (D54) RT — .... :"""" — .... Arrested out 
of plane 
UB1 (A51) RT 1.49 1.67 218.2 102.8 0.78 35.8 
UB1 (A57) RT 1,06 1.01 155.9 82.0 0.68 52.07 
UB1 (D55) 0 2,28 2.54 333.0 27.3 0.84 26.16 
UB1 (D58) 0 0,98 0.55 70.5 66.8 0.47 86,76 
UB1 (A52) 0 1.16 1.06 157.0 61.6 0.80 32.38 
UB1- (D5Z) -26 — — — .... Arrested out 
of plane 
UB1 (D56) -26 1.72 2.00 252.9 80.8 0.89 17.44 
UB1 (A58) -26 1.87 1.75 274.9 100.7 0.89 25.52 
UB1 (A59) -45 — — — — Arrested out 
of plane 
UB1 (D59) -45 0.018 0.61 70.5 44.9 0.71 46.73 
TABLE 23 
Kw - A588 (25.4mm) DATA 
I 
Specimen Number Test Temp 
CO (mm) 
Af (mm) (HPafl 
KA 
(MPafl 
a ,/w 
t 
■w-a* 
(mm) 
Comments 
UBl (D54) RT — — -— — Arrested out 
of plane 
UBl (A51) RT 1.49 1.67 218.2 102.8 0.78 35.8 
UBl (A57) RT 1.06 1.01 155.9 82.0 0.68 52.07 
UBl (D55) 0 2,28 2.54 333.0 27.3 0.84 26.16 
UBl (D58) 0 0.98 0.55 70.5 66.8 0.47 86.76 
UBl (A52) 0 1.16 1.05 157.0 61.6 0.80 32.38 
UBl (D52)- ' "26 — — .— — Arrested out 
of plane 
UB1 (D56) -26 1.72 2.00 252.9 80.8 0.89 17.44 
UBl (A58) -26 1.87 1.75 274.9 100.7   . 0.89 25.52 
UBl (A59) -45 — — .„- — Arrested out 
of plane 
UBl (D59) -45 0.048 0.61 70.5 44.9 0.71 46.73 
TAB 122 
i 
KIA - A588 (50.8 mm) DATA 
Specimen Number Test Temp 
(°0 (mm)- (mil) (MPa/i) h (MPafl a/w 
w-af Comments 
UB2 (C8-C5) RT — — — — no pop 
UB2 (D5-D1) RT 2.23 2.76 300.5 132.1 0.84 25.55 
UB2 (C8-.C6) 0 .--. — — — no pop 
UB2 (D7-D4) '  0 — — — — no pop 
UB2 (B8-B5) 
i 
0 1.32 1.57 178.6 76.8 0.85 24.25 precompressed to 
KQ=169.6 MPa4 
«    UB2 (D5-D2) 0 1.65 1.80 221.9 76.5 0.88 ■19.05. 
UB2 (B5-B2) 0 1.72 1.93 232.1 93.2 0.85 23.77 
UB2 (D7-D3) 0 2.38 2.69 320.9 122.1 0.86 21.94 
UB2 (B7-B3) -26 1.70 1.95 229.8 84.1 0.88 19.96 
UB2 (C8-C7) -26 1.29 1.21 251.5 85.9 0.88 18.79 
UB2 (B7-B4) -26 1.85 2.05 165.7 59.0 0.86 22.09 
UB2 (C5-C2) -26 2.20 2.36 297.0 95.2 0.89 17.98 
UB2 (C7-C4) -26 1.90 2.13 265.1 81.7 0.90 16.38 
UB2 (C5-C1) -26 1.87 2.08 252.6 88.1 0.88 18.51 
UB2 (B8-B6) -45 —- .--.     — — Arrested out 
of plane 
UB2 (B8-B7) -45 1.16 1.17 157.3 93.7 0.67 52.88 Precompressed to 
KQ=155.9 MPa/iii 
Table 22 (continued) 
Specimen Number Test Temp  1 
(°0 
*o 
(mm) (mm) 
k 
(MPafl 
h 
(MPa/m) 
3f/w w-a. Comments 
UB2 (C7-C3) -45 0.99 1.37 134.2 121.6 0.63 60.19 Precompressed to 
KQ=158.1 MPa/m 
UB2 (B5-B1) -45 1.49 1.62 186.9 ■66,1 0.89 17.47 
UB2 (D8-D5) -45 0.91 1.01 122.8 50.3 0.86 21.33 
,     U32 (D8-D7) 
1 
-45 1.52 1.60 204.8 49.9 1 0.93 11.43 
Ul 
Specimen Number Test 
(°C 
BC1 (C58) RT 
BC1 (C51) 0 
BC1 (C55) 0 
BC1 (C57) 0 
UB1 (A59) 0 
BC1 (C59) 
-26 
BC1 (A58) 
-26 
BC1 (A56) 
-26 
BC1 (C56) 
-45 
BC1 (A55) 
-45 
BC1 (A51) 
-45 
BC1 (A54) 
-62 
BC1 (A57) 
-62 
A 
(mm) 
2.89 
1.29 
0.50 
1.32 
1.16 
0.43 
0.71 
TABLE 24 
KIA " A514 (25.4 mm) DATA 
(mm) 
2.97 
U 
0.58 
1.57 
1.65 
0.48 
1.01 
(MPaiff (MPa 
389.2 197.9 
188.6 105.9 
74.3 51.3 
193.1 89.9 
170.8 38.9 
63.0 54.6 
  
ajw 
19.05 
W-3f 
(mm) 
1.620 
103.9 53.5 
18.28 
16.0 
20.32 
24.38 
12.70 
20.82 
1.836 
2.333 
1.268 
0.250 
3.240 
1.187 
Comments 
no pop 
no pop 
no pop 
no pop 
no pop 
broke in two 
TABLE 25 
KJA - A514 (50.8 mm) DATA 
Specimen Number Test Temp 
(°C) 
V (mm) (mm) (MPa 
KA (MPa4 
af/w w-a'j 
(mm) 
Comments 
BC2 (D5-D2) 
BC2 (D5-D2) 
-26 
-26 
• BC2 
' BC2 
BC2 
BC2 
BC2 
BC2 
BC2 
BC2 
BC2 
BC2 
BC2 
BC2 
BC2 
(B7-B7) -26 
(C5-C1) -26 
(D5-D1) -26 
(D3-D7) -26 
(D8-D5) -25 
(C8-C6) -34 
(C8-C5) -39 
(C8-C7) -39 
(B8-B7) -45 
(B7-B7)' -45 
(D7-D4) -45 
(B8-B8) -45 
(B8-B8) -45 
0.43 
1.82 
1.49 
1.47 
1.16 
1.57 
0.53 
2.03 
2.03 
1.39 
1.09 
1.93 
59.7 
245.9 
201.4 
197.9 
157.0 
211.7 
28.0 
101.4 
87.4 
123.8 
72.7 
51.3 
0.83 
0.84 
0.87 
0.61 
0.75 
0.95 
27.17 
25.83 
20.37 
■64,13 
41.19 
16.76 
Broke in two 
Broke in two 
(had same num- 
ber stamped on 
it as previous 
specimen) 
Broke in two 
Broke in two 
Broke in two 
Broke in two 
Broke in two 
Broke in two 
0.81 1.19 105.2 37.2 0.93 11.63 
TABLE 25 (continued) 
Specimen Number Test Temp 
(°C) (mm) (mm) (HPa/m 
af/w w-af 
(mm) 
Comments 
BC2 (D8-D6) 
BC2 (C7-C4) 
BC2 (B5-B2) 
BC2 (C5-C2) 
BC2 (C7-C3) 
■45 
■45' 
-62 
-62 
-62 
Precompressed' to 
Ka=215.1 !fa/m 
Precompressed to 
KQ=72.3 MPaViiT 
Broke in two 
Broke in two 
Broke in two 
Note: 
A0(mm) Displacement values corresponding with crack initiation 
Af(mm) Displacement values corresponding with crack arrest 
KntWafl Stress intensity parameter at initiation 
L(MPa/lii) Stress intensity parameter after arrest 
af(mm)      Final crack length 
w(n)       Distance from center of loading hole to end of specimen 
w-af(mm)    Uncracked ligament length 
Temperature 
Fig. 1       Fracture Toughness vs.  Temperature 
-48- 
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